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In evolutionary terms, it is expected that the 48 bone components influence the brain morphology at the endocranial base, while in the vault 49 the reverse situation is more likely, with the cortical tissue shaping the bony elements (Bruner, 50 2015 ). Integration plays a major role in phylogenetic and ontogenetic changes, but it seems 51 somehow less decisive in shaping adult intra-specific variation. In adult variability, local factors 52 still have a major role in influencing the endocranial (Bruner and Ripani, 2008 ) and cerebral 53 (Bruner et al., 2010 ; Gomez-Robles et al., 2014) shape. In both cases, spatial proximity is the 54 main source of integration suggesting that, at least in morphology, structural factors may be 55 largely a matter of short range physical interactions. Such local influences and anatomical 56 dissociation are therefore major forces in cranial evolution (Bookstein et al., 2003; 57 Mitteroecker and Bookstein, 2008). 58
The spatial organization of brain and braincase is a relevant issue in medical and evolutionary 59 fields. In microsurgery, the spatial relationships between cranial and cerebral points can supply 60 relevant information during craniotomies and for intraoperative identification of the sulcal 61 patterns ( . Previous analyses have been published which investigate the brain midsagittal shape 67 variation in adult humans by using digital anatomy and geometric morphometrics, this plane 68 being relevant in terms of biological organization and human evolution (Bruner et al., 2010; 69 2014a ). However, we ignore how these brain morphological variations can influence the 70 boundaries of the cranial elements, and to what extend the cranial boundaries can be used to 71 get indirect information on the extension of the underlying brain areas. 72
The morphogenetic association between vault bones and lobes is due to brain pressure and 73 endocranial forces redistribution (Moss and Young, 1960; Enlow, 1990) The pattern of suture displacement will depend upon local factors and the precise distribution 79 of such morphogenetic forces (Fig. 1) . A correspondent growth of lobes and bones will involve 80 proportional changes between these areas. In this case, for example, larger parietal lobes will 81 involve larger parietal bones, and a proportional displacement of the respective sutures. 82
Conversely, a non-linear growth, or a growth based on multiple independent factors, will 83 involve a small or null spatial correlation between cranial and cerebral elements. 84
To bone and frontal lobes. The distance between lambda and the perpendicular sulcus represents 147 the overlapping area between parietal bone and occipital lobes. This last value can be 148 negative, considering that in few specimens the perpendicular sulcus can be positioned before 149 lambda, that is under the occipital bone. A preliminary analysis showed a strong correlation 150 between precuneus chord and arc (R = 0.997; p = 0.0001) and parietal bone chord and arc (R = 151 0.962; p = 0.0001). However, both arcs and chords will be used here as proxy of midsagittal 152 size for bones and lobes in order to take the effect of bulging into account. Table 1 shows the distribution of the distances between the main anatomical references. 178
According to these values, the precuneus length is definitely more variable (coefficient of 179 variation 20.6) than the parietal bone length (coefficient of variation 5.1). The correlation 180 between parietal lobe and parietal bone lengths is low (chords: R = 0.27; p = 0.01; arcs: R = 181 0.32; p = 0.001) and the correlation between precuneus length and parietal bone length is 182 even more modest (chords: R = 0.20; p = 0.05; arcs: R = 0.24; p = 0.02). Hence, although a 183 larger precuneus is associated with larger parietal bone, this relationship explains only 184 between 4% and 6% of the latter values, suggesting a considerable individual variation based 185 on different factors. When considering the whole parietal lobes, its correlation with the 186 parietal bone explains a little more (7%-10%). There is a moderate negative correlation 187 between the precuneus length and the separation of the boundaries between the parietal 188 bone and lobe (R = -0.37 and p = 0.0002 for both metrics, namely the distance between 189 bregma and central sulcus, and the distance between lambda and parieto-occipital sulcus). 190 Therefore, the larger the precuneus the more the boundaries of the lobe approach the 191 boundaries of the bone. This suggests that the extension of the bone is not much sensitive to 192 or associated with the extension of the lobe. 193
The scatterplot of the Procrustes coordinates (Fig. 2) shows that, although lambda generally 194 lies behind the parieto-occipital sulcus, there is some overlapping in the variations of these 195 two landmarks. In fact, in 10 specimens (10% of the sample), lambda, which is generally 196 located behind the parieto-occipital sulcus, was found to be positioned beyond it, and hence 197 the boundary between the parietal and occipital bone trespasses the boundary between the 198 relative weight (Fig. 3 ). According to a broken stick threshold based on random distribution, 203
and to a threshold of 5% of variance explained, at least the first six components are significant. 204 Such minor differences between these secondary components can be interpreted as the result 205 of the scarce morphological integration described in the skull (Bruner and Ripani, 2008) relationships between major cranial and cerebral landmarks in a sample of 100 adult humans, 248 by using MRI imaging, bivariate analysis, and geometric morphometric multivariate 249 approaches. We computed a bivariate analysis to quantify the degree of correlation between 250 dimensions and position of the cortical and bone elements of the upper braincase. Then, we 251 computed a shape analysis to investigate the role of these relationships within the major 252 morphological schemes underlying the phenotypic structure. 253
The bivariate analysis showed that the correlation between parietal bones and lobes is very 254 weak. Larger lobes are associated with larger bones, but the correlation is low and there is a 255 considerable individual variability. In this sense, the null hypothesis is falsified because of the 256 existence of a correlation, and we can state that larger parietal lobes are associated with larger 257 parietal bones. However, this correlation is scanty, suggesting the existence of further 258 independent factors making this association feeble. The parietal lobes contribute to the 259 extension of the parietal bones, but only to a limited extent, at least when considering intra-260 specific adult variability. In individuals with larger parietal lobes, the distance between the 261 boundaries of lobes (sulci) and bones (sutures) is smaller. Therefore, we can conclude that 262 there is an allometric pattern in which the enlargement of the parietal bone does not keep the 263 pace of the enlargement of the parietal lobe and, by consequence, the boundaries of these 264 two areas get closer. The pattern is however weak, influenced by other factors and by 265 individual variation. The fact that the two areas do not show a correspondent variation, and 266 the scarce correlation, suggest that the spatial position of the cranial and cerebral elements is 267 influenced by independent variables, with a limited integration between hard and soft tissues 268 in the final phenotype. 269
Shape analysis was aimed at considering whether these spatial relationships influence the 270 patterns of correlation which generate the phenotypic variation. In morphometrics, the 271 covariance structure as revealed through multivariate statistics is able to quantify and 272 characterize the strength of the correlation schemes constraining the phenotypic variability, 273 namely the degree and patterns of morphological integration among the anatomical 274 components (Wagner, 1984) . Following these principles, studies in two (Bruner et al., 2010) 275 and three (Gómez-Robles, 2014) dimensions suggest that the adult brain morphology shows a 276 modest degree of integration, mostly based on local effects and physical proximity. Our data, 277 integrating the cranial component with the brain shape geometry, are in agreement with these 278 previous results, evidencing only one dominant pattern of covariance, followed by many minor 279 From: Bruner E., Amano H., de la Cuétara J.M. & Ogihara N. 2015. The brain and the braincase: a spatial analysis on the midsagittal profile in adult humans. J. Anat. 227: 268-276 secondary vectors. This main pattern is associated specifically with the relative proportions of 280 the precuneus, displacing back and forth the paracentral lobule formed by the precentral and 281 postcentral areas. This same pattern has been described previously by using a different sample 282 (Bruner et al., 2014a) , and that result can be confirmed and reproduced here. This change of 283 the precuneal area is not only a variation in parietal proportions compared with the rest of the 284 brain, but it is also associated with an actual enlargement/reduction of the precuneal cortical 285 surface (Bruner et al., 2015) . The current analysis evidence that this major morphological 286 component, based on precuneus dimensions, involves brain geometry but without influencing 287 in a corresponding way the bone extension. Therefore, precuneus enlargement/reduction 288 changes secondarily the reciprocal positions of bones and lobes. The changes at the posterior 289 boundary are less conspicuous, most of the spatial adjustment being associated with the 290 displacement of the anterior areas. Once more, these results suggest independence between 291 the cranial and cerebral elements: as the brain proportions changes, the cranial boundaries do 292 not change accordingly. Interestingly, no endocranial morphological changes were described in 293 one case study in which a bregmatic bone was so large to constitute an actual fifth component at least two different hypotheses can explain the partial independence between cranial and 308 cerebral elements that we have described in this study among adult individuals: the changes of 309 the spatial relationships between parietal bones and lobes can be achieved during the parietal 310 morphogenesis, or else after this stage (Fig. 4) . In the first case, the parietal bulging associated 311 with the globularization stage specific of our species would change the spatial relationships 312 between bones and lobes. The growing parietal volume displaces the frontal cortex, and the 313 central sulcus approaches the frontal bone. In the second case, the parietal bulging would be 314 associated with a corresponding (isometric) growth of the parietal bone. In this stage, there is 315 a tighter integration between parietal bone and lobe. Such correspondence is then lost in 316 successive stages, when the anterior areas (the frontal lobes and the facial block) grow and 317 develop during later morphogenetic steps. Ontogenetic series will be necessary to evaluate 318 these two alternatives. anatomy. In contrast, in paleoneurology, the soft tissues are lost, and brain shape can be only 332 inferred by using endocranial shape. The current analysis suggests that in modern humans 333 cranial sutures should not be used as fixed references to make inferences on brain areas, at 334 least according to their specific position. In this sense, "average" distances between brain and 335 skull landmarks may not be informative and may be even misleading, because they do not 336 consider the reciprocal variations of these elements. The overall form of the brain surface (that 337 is, its size and shape) can actually be extrapolated from the endocranial form, because brain 338 growth molds the neurocranial bones directly, most of all at the vault (Moss and Young, 1960; 339 Enlow, 1990). Furthermore, the correspondence between brain morphology and endocranial 340 surface, although not complete, is also sufficiently reliable to localize major anatomical cortical 341 traits on endocasts (Kobayashi et al., 2014a). In contrast, the specific extension of the cortical 342 areas should not be inferred or extrapolated directly from the position of the cranial 343 boundaries alone. 344
Quantitative scaling rules derived from the observed variation of relative spatial positions, like 345 in the present analysis, could be used to extrapolate brain landmarks from cranial landmarks. 346 Nonetheless, the current study evidences that, beyond such a lack of fixed proportions 347 between bones and lobes boundaries, there is also an important individual variation 348 suggesting that multiple factors are involved in the final phenotype. In adult modern humans, 349 the length of the parietal bone is influenced by the size of the parietal lobes to a very minor 350 extent (7-10%), and this value is even lower when accounting only for the length of the 351 precuneus (4-6%). Arcs displayed larger correlations than chords, revealing a role of the 352 bulging effect, but the increase of variance explained is however scanty (2-3%). This means 353 that, even if the parietal lobe moulds the shape and surface of the parietal bone (Moss and  354 Young, 1960), it influences its longitudinal extensions to a much minor degree. Correlations at 355 inter-specific level are often more pronounced than at intra-specific level, and therefore we 356 may expect that this value, when comparing different hominids, may be larger. It must be in 357 fact evidenced that this result refers to intra-specific adult variation. Intra-specific and inter-358 specific correlation patterns can be based on very different mechanisms, the former being the 359 result of normal variation, and the latter of specific adaptations (Martin and Barbour, 1989). 360
Integration, pleiotropy, and poligeny create important connections between intra-and inter-361 specific variability (e.g., Cheverud 1982 Cheverud , 1996 . However, results in one of these two domains 362
should not be strictly intended as results in the other. In this sense, studies in comparative 363
From: Bruner E., Amano H., de la Cuétara J.M. & Ogihara N. 2015. The brain and the braincase: a spatial analysis on the midsagittal profile in adult humans. J. Anat. 227: 268-276 primatology will be necessary to evaluate whether the patterns observed in the current 364 analysis can be extended beyond the species-specific limits. For example, macaques display 365 more stable relationships between cranial and cerebral references, at least when considering 366 the coronal suture and cortical references associated with parasagittal elements of the frontal 367 lobes (Kobayashi et al., 2014b) . A similar consideration must be put forward when considering 368 static variation (that is adult variation, such as in this study) versus ontogenetic variation. 369
Nonetheless, without this information, we must take into account that vault bones and brain 370 lobes may share shape (curvature) and surface morphology (sulcal traits), but the reciprocal 371 position of their anatomical boundaries and extension is more variable and less reliable. 372
The shape variations described here are particularly important when considering that the 373 precuneal changes responsible for modern human brain variability are very similar to the 374 pattern of cranial variation associated with the modern human skull evolution (Bruner et al., 375 2014b ). These two patterns are so comparable to suggest a relationship between intra-specific 376 and inter-specific variations. When compared with other hominids, Homo sapiens displays a 377 distinct and specific increase of the parietal bone diameters (Bruner et al., 2011) . Hence, the 378 pattern described in this study, responsible for the changes in the distances between bones 379 and lobes, may be the same involved in generating cranial differences between modern and 380 non-modern humans. 381
Non-modern human species lacked the parietal bulging described in modern humans, possibly 382 even presenting a negative allometric trend: the larger the brain, the relatively shorter the 383 parietal areas (Bruner, 2004) . If the mismatch between brain and skull landmarks described in 384 this study is also effective at evolutionary level, we must infer that Neanderthals, having the 385 largest cranial capacity among non-modern human species, probably displayed extreme values 386 along this morphological vector. That is, Neanderthals may have had the bregma which was 387 more distant from the central sulcus compared with modern humans. 388
The parietal bone and the occipital bone are strongly integrated, and the bulging of one of 389 these areas is associated with the flattening of the other (Gunz and Harvati, 2007). 390
Interestingly, in Neanderthals, the relative shortening of the parietal areas, possibly related to 391 encephalization and parietal constraints in the human genus, is associated with lambdatic 392 supernumerary ossicles, suggesting a degree of morphogenetic imbalance in those areas 393 (Manzi et al, 1996; Bruner, 2014 after Procrustes superimposition (center), and map of residual variation after registration (red: 565 high; blue: small)(right). Labels -bas: basion; br: endobregma; cg: crista galli; cs: central sulcus; 566 ge: genu; iop: interna occipital protuberance; lmb: endolambda; mcs: marginal ramus of the 567 cingulate sulcus; nas: nasion; opi: opistion; poi: parieto-occipital sulcus (internal); pos: parieto-568 occipital sulcus (external); prc: precentral sulcus; se: sella; sp: splenium. The arrows show the 569 overlapping of the parieto-occipital sulcus (perpendicular scissure) and endolambda. Cranial 570 and brain landmarks were sampled on the endocranial surface, independently upon minor 571 differences due to meningeal thickness, which is nonetheless negligible and not properly 572 visible at the current resolution. dissociation between cerebral and cranial elements can be the result of the early parietal 589 growth. Alternatively, parietal bones and lobes can be more integrated during this stage, but 590 the spatial association can be lost in the successive steps, after modification of the frontal and 591 facial blocks (digital reconstructions after Neubauer, 2014). 592
